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Objectives. This study aimed to 1) compare in vitro intravas- 
cular ultrasound images of human pulmonary arteries with 
corresponding histologic sections, and 2) correlate the relation 
between intravascular ultrasound findings and Heath-Edwards 
pathologic grade of pulmonary vascular changes. 
Background. The pathologic assessment of the pulmonary 
vascular bed is essential for diagnosis and management of con- 
genital heart disease with pulmonary hypertension. 
Methods. We evaluated and compared intravascular ultra- 
sound images with histologic findings at identical sites in 40 
pulmonary, artery segments from 17 autopsy studies: group 1 = 7 
patients with pulmonary hypertension (Heath-Edwards grade I to 
V, 20 segments); group 2 = 10 patients without cardiopulmonary 
disease (20 segments). 
Results. In group 2, the pulmonary artery wall echo consisted of 
a single layer. In group 1, 1) all segments of pulmonary arteries 
from patients with pulmonary hypertension showed a three- 
layered appearance; 2) in patients with mild pulmonary hyperten- 
sion (Heath-Edwards grades I and II), intravascular ultrasound 
demonstrated increased thickness of the echoluscent zone due to 
medial hypertrophy with no intimal reaction; 3) patients with 
severe pulmonary hypertension (Heath-Edwards grade III or 
higher) had intravascular ultrasound findings of increased medial 
thickness and a bright inner layer from intimal hyperplasia; 4) 
percent wall thickness derived from intravascular ultrasound 
showed a significant correlation with that determined by histo- 
logic examination (r = 0.89, p = 0.0001, n = 20). 
Conclusions. Changes observed with intravascular ultrasound 
imaging correlate well with histopathologic grade. Thus, intravas- 
cular ultrasound may have significant utility in the evaluation of 
pulmonary vascular morphology in patients with pulmonary 
hypertension. 
(J Am Coil Cardiol 1995;26:272-6) 
The histopathologic assessment of the pulmonary vascular bed 
is essential for diagnosis and management of congenital heart 
disease with pulmonary hypertension (1-8). However, tissue 
from open lung biopsy is required for an accurate diagnosis 
using Heath-Edwards grade (9). Recent advances in miniatur- 
ization of both phased array and mechanical ultrasound e- 
vices have resulted in exploration of alternative approaches to
vascular imaging and have led to an increasing interest in the 
potentials of "invasive" echocardiography (10-15). It has been 
proposed that intravascular ultrasound imaging has the poten- 
tial to provide in vivo histologic information regarding the 
structure and composition of the vascular wall and superim- 
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posed disease processes (16,17). The purposes of this study 
were to 1) compare in vitro intravascular ultrasound imaging of 
human pulmonary arteries and the corresponding histologic 
sections, and 2) to correlate the relation between intravascular 
ultrasound findings and Heath-Edwards grade of pulmonary 
vascular changes. 
Methods  
Patients. The study included 17 patients (7 male, 10 fe- 
male; 14 days to 37 years old, mean [_+SD] 9.2 + 10.8 years). 
All patients had cardiac anatomy defined at autopsy. His- 
topathologic findings of 40 segments of pulmonary artery were 
examined. The patients admitted to the study were subdivided 
into two groups (Table 1). Within each group, 20 pulmonary 
artery segments were examined. 
Group 1. Seven patients with pulmonary hypertension 
(Heath-Edwards grades I to V) were included in this group. 
Two patients had primary pulmonary hypertension (Heath- 
Edwards grades III and IV). Three patients had congenital 
heart disease without cardiac surgery and had histopathologic 
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Table l. Diagnoses and Heath-Edwards Grades of Patients and 
Control Subjects 
No. of Heath-Edwards 
Diagnosis Pts Grade 
Group 1 (n - 7) 
Prima U pulmona U hypertension 
Ventricular septal defect 
Atrial septal defect 
p/o total anomalous pulmona U return 
Uo Fontan, double-outlet right ventricle 
Transposition of the great arteries 
Group 2 (control group, n - 10) 
Pts without cardiopulmona U disease 
I 1V 
1 III 
1 III 
l V 
1 11 
1 I 
1 1 
l0 0 
Pts = patients; p/o - postoperative. 
findings of pulmonary artery hypertension (Heath-Edwards 
grades I to V). Two patients had undergone cardiac surgery. 
Group 2. Ten patients with no known history of cardiopul- 
monary disease who died of unrelated causes formed the 
control group. At autopsy, none had evidence of either cardiac 
disease or histopathologic findings consistent with pulmona U 
hypertension. 
Intravascular ultrasound catheter. A dedicated 20-MHz, 
3.5F, 64-element circumferential phased array ultrasound cath- 
eter with a synthetic aperture (Endosonics, Inc.) was used 
during the study. The real-time scan provides a 360 ° two- 
dimensional image. Imaging of pulmonary arteries was per- 
formed at 22°C in a saline solution (16,17) and recorded on 
S-VHS videotape. 
Intravascular ultrasound imaging analysis. Two observ- 
ers (M.I, T.K.) reviewed videotaped intravascular ultra- 
sound images of 40 vessel segments in blinded manner (Fig. 
1A). A classification of echo density, adapted from Gussen- 
hoven et al. (16), was used for the description of the 
ultrasound images: echolucent, minimal or no reflections 
(black); intermediate, soft reflections (gray); dense, bright 
reflections (white). Quantitative ultrasound measurements 
were performed using off-line computer analysis of images. 
Measurements included (Fig. 2B) external diameter (two 
F igure  1. A, Site of pulmonary artery' (>1 mm) where intravascular 
ultrasound and histologic studies were done. Heath-Edwards grade 
was diagnosed at site B on a pulmonary' artery, which is in the 
peripheral pulmonary vascular bed. 
orthogonal diameters measured from the medial-adventitial 
interface) and wall thickness (leading edge of intima to the 
medial-adventitial nterface) (16,18). The mean of eight 
readings at each site was used. 
Histologic analysis. After the ultrasound studies the cor- 
responding sites of the proximal arteries were marked with ink. 
The arteries were then processed for routine paraffin embed- 
ding. Transverse 5-/zm sections were cut at l-ram intervals 
perpendicular to the long axis of the artery. Sections were 
stained with the elastin van Gieson stain technique for elastin 
fibers, muscle and connective tissue. In addition, the hematox- 
ylin azophloxine technique was used to delineate connective 
tissue. The presence or absence of intima, media and adven- 
titia was determined by microscopic analysis (Fig. 1, site A). 
Distal pulmonary vascular changes were graded according to 
Heath-Edwards criteria (Fig. 1, site B) (9). 
Measurement of the pathologic preparations was per- 
formed similarly to the intravascular ultrasound images. The 
external diameter of an artery was measured across two 
orthogonal diameters using the external elastic lamina as the 
outer border (1-4). Wall thickness was measured from exter- 
nal to internal elastic lamina at eight sites using a Cosmozone 
(Nikon, Inc.). Again, the mean of eight readings was used 
(1-4). All histologic measurements were performed by one 
observer (T.T.). 
Percent arterial wall thickness. Percent arterial wall thick- 
ness was calculated from intravascular ultrasound findings and 
histologic data by the following formula (1-4): Percent wall 
thickness = (2 × Wall thickness/External diameter) × 100. 
Statistical analysis. Percent arterial wall thickness calcu- 
lated from intravascular ultrasound images and from his- 
topathologic preparations were compared using simple linear 
regression analysis; agreement between the measurements was 
tested according to Bland and Altman (19). In addition, 
because multiple points were obtained for the same patients, 
and the patients are assumed to be a random sample from a 
larger population of subjects, a random regressions model 
variance component analysis was used to estimate the slope of 
the regression of percent arterial wall thickness calculated 
from intravascular ultrasound findings on histopathologic 
preparations, adjusting for subject-to-subject differences (20). 
This analysis was performed using restricted maximal likeli- 
hood as implemented in the statistical package S-PLUS (S- 
PLUS for Windows, Version 3.2 Supplement, StatSci division 
of Mathsoft, Inc., 1994). A p value <0.05 was considered 
statistically significant. 
Resu l ts  
All intravascular ultrasound images from patients with 
pulmonary hypertension showed a three-layered vascular wall 
pattern. Figure 2 shows an intravascular ultrasound image (A) 
and schema (B) from a patient with primary pulmonary 
hypertension. A thick, echo-dense inner layer, echolucent 
zone, and echo-dense outer layer are evident. Histologic 
examination of corresponding segments of pulmonary artery 
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Peril)hcral Pulmonary Vasc.lar Bed A B 
I,]aslica - Van (; ieso. × 20 
C 
Figure 2. lntravascular ultrasound image (A) and schema (B) of 
pulmonary artery from patient with primary pulmonary h pertension. 
Bright inner layer, middle cholucent zone and outer bright layer are 
representative of the three-layered appearance, a = external diameter; 
b = wall thickness. Histologic examination (C) of same segment of 
pulmonary artery revealed intimal hyperplasia and medial hypertro- 
phy. 
(Fig. 2C) revealed parallel changes of intimal hyperplasia and 
medial hypertrophy consistent with the severity of disease. 
Thirteen segments from four patients with grade III to V 
changes howed increased thickness of the echo-dense inner 
layer secondary to intimal hyperplasia (Fig. 2 and 3). One 
patient with Eisenmenger's syndrome secondary to an atrial 
septal defect and Heath-Edwards grade V changes {Fig. 3C) 
had ultrasound evidence on four segments of a plaque-like 
lesion (Fig. 3A) caused by intimal hyperplasia (Fig. 3B). Seven 
segments of three patients with mild pulmonary hypertension 
(Heath-Edwards grades I and II) had increased thickness of 
the echolucent zone from medial hypertrophy and had histo- 
logic evidence of hypertrophy of the media with no intimal 
reaction (Fig. 4). Figure 5 showed that measurements from 
intravascular ultrasound images in group 1 patients correlated 
well with those histologic preparations by linear regression 
analysis (using random regression models) (slope 1.05, p = 
0.0001, intercept 1.55, r < 0.89). All segments from patients 
within group 2 had soft, intermediate arterial wall echoes 
without any ultrasound resolution between intima, media and 
adventitia (Fig. 6A). Histologically, the wall consists basically 
of three not very clearly defined layers: intima, media and 
adventitia (Fig. 6B). 
Hastica - Van (;iesm~ × 200 
C 
Figure 3. Comparison ofpulmonary, artery morphology in a 36-year 
old woman with Eisenmenger's syndrome sccondav to an atrial septal 
defect: intravascular ultrasound (A) and histologic examination (B). 
Arrows indicate intravascular ultrasound evidence of plaque-like l - 
sion. Corresponding histologic examination (C) demonstrates intimal 
hyperplasia and shows evere intimal fibroelastosis and thin media 
(Heath-Edwards grade V). 
Discuss ion 
In the present study, we compared the intravascular 
ultrasound images of human pulmonary arteries with corre- 
sponding histologic sections and examined the relation 
between intravascular ultrasound findings and Heath- 
Edwards grade. The results may form a basis for future in 
vivo applications. 
Diagnostic accuracy. Comparison between intravascular 
ultrasound images and corresponding histologic ross sec- 
tions showed that characteristics of the echo images of 
hypertensive l sions relate to the histologic omposition of 
the lesion. Previous reports (16,21,22) described intravascu- 
lar ultrasound images of pulmonary arteries without pulmo- 
nary hypertension as having a one-layer appearance. Visu- 
alization of a three-layered vascular wall in our study was 
unique to patients with pulmonary hypertension and al- 
lowed distinction from those free of disease. In group 1, the 
intravascular ultrasound findings show the three-layered 
appearance from hypertrophy of media or hyperplasia of 
intima or both. However, the intravascular ultrasound char- 
acteristics of intima, media and adventitia were comparable 
in group 2. This observation is in accord with that of 
Haworth et al. (1-3), who suggested that with increasing 
pulmonary hypertension, vessels of all sizes tend to show a 
progressive increase in wall thickness. 
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Figure 4. lntravascular ultrasound image (A) and corresponding 
histologic section (B) of the pulmona~, artery with medial hypertrophy 
from a 5-month old boy with postoperative total anomalous pulmonary 
venous return. The media was an echolucent zone. C, Heath-Edwards 
grade lI. The small pulmonary artery showed hypertrophy of the media 
with no intimal reaction. 
Relation between intravascular ultrasound findings and 
Heath-Edwards grade. A clear difference was seen on intra- 
vascular ultrasound imaging between patients with mild 
pulmonary hypertension (Heath-Edwards grades I and ll) 
and severe pulmonary hypertension (Heath-Edwards grades 
II I  to V). This was attributed to the presence of intimal 
hyperplasia in the latter group. However, intravascular 
t 
j 
Hastica - Van (;ieson X 20 
A B 
Figure 6. lntravascular ultrasound image (A) and corresponding histo- 
logic section (B) of normal pulmonary artery from a 4-year old girl with- 
out cardiopulmonary dist.asc. The arterial wall echo consists of one layer. 
ultrasound will not be able to differentiate the full range of 
Heath-Edwards grades, as the detection of plexiform le- 
sions, local dilatations and pulmonary hemosiderosis (9) are 
beyond the capabilities of current imaging techniques. 
These changes occur only in small pulmonary arteries 
(<300 /xm) (1-3,7-9,23-25), and the intravascular ultra- 
sound catheter utilized in this study cannot be inserted into 
vessels this size. 
Limitations of the study. We could not compare intravas- 
cular ultrasound findings with a hemodynamic study. Six 
patients in group 1 were examined by cardiac catheterization; 
however, studies were not performed contemporaneously with 
the intravascular ultrasound imaging (taking place from 1 
month to 6 years before autopsy). Thus, changes in the severity 
of pulmonary hypertension may have occurred. One patient 
(transposition of great arteries) in group 1 and all subjects in 
Figure 5. Left, Scatterplot of regression analysis between percent wall 
thickness in the pulmonary hypertension group as determined by 
intravascular ultrasound (IVUS) (squares) and that defined by histo- 
logic examination. Right, Scatterplot of difference between the two 
measurements plotted against mean measurement. 
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group 2 did not have a hemodynamic study. In the present 
study, the samples from 16 patients, not including the patient 
with transposition, were fixed with formalin. Initial studies had 
indicated that formalin has a major influence on echographic 
characteristics (16,18). 
Another limitation is that in our study, the pulmonary arteries 
were viewed in a saline bath. However, in vivo pulmonary arteries 
are surrounded not only by tissue, but also by air-filled alveoli; 
thus, the adventitia is more dilticult to discern. 
Possible clinical application. Further developments in 
intravascular ultrasound imaging could provide clinically 
important information for pulmonary hypertension. True in 
vivo assessment of the technique needs to be carried out in 
patients undergoing open lung biopsy to assess its clinical 
utility and to compare complication rates. Smaller (equal to 
Doppler guide-wire size) and higher frequency intravascular 
ultrasound catheters may improve this method's diagnostic 
ability. 
Conclusions. Intravascular ultrasound images allowed di- 
rect visualization of changes in pulmonary vascular morphol- 
ogy in patients with pulmonap¢' hypertension of primary etiol- 
ogy or secondary to congenital heart disease. 
Wc thank Dr. Takahiro Shiola and Dr. Brian Sinclair (The Clinical Carc ('enlcl 
for Congenital Heart Disease, Oregon Health Sciences University) l\)r review of 
the manuscript and Scott R. Holcomb, MS (Oregon tteahh Sciences University) 
fl~r valuable help with statistical analxsis of the data. 
References  
1. Haworth SG. Reid 1,. Structural study of puhnonary circulation and of heart 
in total anomalous pulmonary vcnuu~ return in early infancy. Br Heart J 
1977:39:80 92. 
2. Haworth SO, Saucr U. Buhlmever K. Development ofpulmonary circulation 
in ventricular septal dcfcct: a quantitative structural study. Am J Cardiol 
1977;40:781-8. 
3. tlaworth SG, Lynne L. A morphomctric study ol rcgional variation in hmg 
structure in infants with pulmonau hypertension and congenital cardiac 
detect: a justification of lung biopsy. Br Heart J U}78:40:825 31. 
4. Hislop A, Reid L, Structural changes in the pulmonary arteries and veins in 
tetralogy of Fallot. Br Heart J 1973:35:1178-83. 
5. Friedil B, Langford BS, Mustard WT, Keith JD. Vcntricular septal delcct 
with increased pulmonary vasculal rcsishmcc: late resuhs of surgical closure. 
Am J Cardiol 1974;33:403 10. 
6. Clarkson PM, Ncutzc JM. Wardill J(', Barratt-Bovcs BG. The pulmonary 
vascular bed in patients with completc transposition of the great arteries. 
Circulation 1976:53:539-43. 
7. Rabinovitch M, Haworth SG, Yance Z. et al. Early pulmonary vascular 
changes in congenital heart disease studied in biopsy tissue. Hum Pathol 
1980; I 1:499 -509. 
8. Yamaki S. Horiuchi T, Ishizawa E, Mohri H, Fukuda M, Yezuka F. 
Indication for total correction of complete transposition of great arteries 
with pulmonary hypertension. J Thorac Cardiovasc Surg 1980;79:890-5. 
9. Heath D, Edwards JE. The patholo D, of hypertensive pulmonary vascular 
disease. A description of six grades of structural changes in the pulmona U
arteries with special reference to congenital cardiac septal defect. Circula- 
tion 1958;18:533-41. 
10. Isner JM, Losordo DW, Rosenfield K, et al. Catheter-based intravascular 
ultrasound iscriminates bicuspid from tricuspid valves in adults with calcific 
aortic stenosis. J Am Coil Cardiol 1990;15:1310-7. 
11. Valdes-Cruz LM, Sideris E, Sahn D J, et al. Transvascular intracardiac pplica- 
tion of a miniaturized phased-array ultrasonic endoscope: initial experience with 
intracardiac imaging in piglet. Circulation 1991;83:1023-7. 
12. Pandian NG, Hsu T-L. Intravascular ultrasound and intraeardiac echocar- 
diography: concepts for the future. Am J Cardiol 1992;69:6-17. 
13. Goar FGS, Pinto FJ, Alderman EL, et al. Detection of coronary atheroscle- 
rosis in young adult heart using intravascular ultrasound. Circulation 1992; 
~6:756-63. 
14. Sugimura T, Kato H, lnoue O, el al. Intravascular ultrasound of coronary 
arteries in children: assessment ofthe wall morphology and the lumen after 
Kawasaki disease. Circulation 1994;89:258-65. 
15. Sohn S, Rothman A, Shiota T, et al. Acute and follow-up intravascular 
uhrasound findings after balloon dilation of coarctation of the aorta. 
Circulation 1994;90:340-7. 
16. Gusscnhovcn E J, Essed CE. Lancet CT, et al. Arterial wall characteristics 
determined byintravascular ultrasound imaging: an in vitro study. J Am Coil 
Cardiol 1989;14:947-52. 
17. Mario CD, The SHK, Madretsma S, et al. Detection and characterization f 
vascular lesions by intravascular ultrasound: an in vitro study correlated with 
histology, J Am Soc Echocardiol 1992:5:135-46. 
18. Pigholi P, Tremoli E, Poll A, Oreste P, Paoletti R. Intimal plus medial 
thickncss of the arterial wall: a direct mcasurement with ultrasound imaging. 
Circulation 1986:74:1399-1406. 
19. Bland JM, Altman DG. Statistical methods for assessing agreement between 
two methods of clinical measurements. Lancet 1986;1:307-10. 
20. [locking RR. The Analysis of Linear Models. Monterey (CA): Wadsworth, 
1994:231-35 I. 
21. Mintz GS, Potkin BN, Kcrcn G, ct al. lntravascular ultrasound evaluation of 
thc effect of rotational atherectomy in obstructive atherosclerotie coronary 
arlcu diseasc. Circulation 1992;86:1383-93. 
22. Porter TR, Taylor DO, Fields J, et al. Direct in vivo evaluation of pulmonary 
arterial pathology in chronic congestive heart failure with catheter-based 
intravascular ultrasound imaging. Am J Cardiol 1993;71:754-7. 
23. Nacye RL. The pulmonary arterial bed in ventricular septal defect: anatomic 
features in childhood. Circulation 1966;34:91"+2-70. 
24. Wagenvoort CA, Nauta J, Schaar PJVD. Weeda HWH, Wagenvoort N. The 
pulmunary vasculature incomplete transposition ofthe great vessels, judged 
lrom lung biopsies. Circulation 1968;38:746-54. 
25. Yamaki S, Horiuchi T. Quantitative analysis of postoperative changes in 
pulmonary vasculaturc of patients with complcte transposition of the great 
arteries and puhnonary hypertension. Am J Cardiol 1979;44:284-9. 
